Heavy hypernuclei are produced in the annihilation of antiprotons in U. The delayed fission of heavy hypernuclei and hypernuclei of fission fragments are observed by using the recoil-distance method in combination with measurement of secondary electron multiplicity. 
I. INTRODUCTION
In previous papers we reported results of a search for heavy hypernuclei produced in the annihilation of antiprotons in~s sU [1] and~o sBi [2] . The underlying idea of the experiment was that the nonmesonic decay of the A hyperon in a heavy hypernucleus leads to an excitation of the residual nucleus to an energy sufBcient to induce fission. Thus, the decay of heavy hypernuclei would be observed as delayed fission with the lifetime of the hypernucleus.
The A hyperon can be produced in a secondary interaction of K mesons after pN annihilation with residual nuclei. More exotic reactions, such as the direct production of A hyperons on pairs of nucleons, are also possible [3] The annihilation of antiprotons in nuclei is accompanied by the emission of mesons makes it possible to employ, in the study of heavy hypernuclei, the recoil-distance technique, earlier used in studies of short-lived fission isomers [4] . The characteristic feature of this technique is the experimental geometry which provides a strong suppression of prompt fission fragments, with a detection efBciency for delayed fission of about 1%.
The delayed fission lifetimes observed in the annihilation of antiprotons in U and 9Bi were found to be 0.1+&'zz nsec [1) and 0.25+o'io nsec [2] , respectively. It was assumed that the lifetimes measured are related to groups of nuclides in the vicinity of U and Bi, respectively.
As seen from the accuracy of the quoted results, it was impossible to conclude whether the probability of nonmesonic decay for these two groups of nuclei is the same or not. The shorter lifetime in the case of uraniurn may result from the fact that the recoil-distance technique, although providing separation of delayed and prompt fission, does not exclude completely the recording of hypernuclei of fission fragments which are produced in the prompt fission of excited hypernuclei. Because of the high fissility of nuclei in the uranium region, the number of detected hypernuclei of fission fragments can be rather large. As will be discussed below this may result in too short a lifetime for delayed fission for the 238U target.
Here we report results obtained with an improved experimental apparatus. It allowed us to impose additional criteria for the separation of prompt-fission events and thus made it possible to separate the delayed fission, caused by the decay of the A hyperon, from the hyper- 47 1957 1993 The American Physical Society 47 nuclei of fission fragments. This was achieved by using the fact that fission fragments cause the emission of a large number of secondary electrons when they leave the target surface [5] . In contrast, when a slow heavy recoil is knocked out of the target, the number of secondary electrons is small.
The data on hypernuclei of fission fragments can be used in the analysis of the prompt fission of excited hypernuclei. We can understand the appearance of hypernuclei of fission fragments by using rather simple assumptions concerning the nonmesonic decay of a A hyperon. The possibility of explaining two diferent types of events using the same assumption on the nonmesonic decay of hypernuclei would be an additional argument in favor of the hypernuclear nature of the observed eKect.
Furthermore, a detector was implemented to record K+ mesons in coincidence with fission fragments. The observation of kaons in coincidence with events identified as the prompt or delayed fission of hypernuclei would be a direct confirmation of this identification.
In Sec. I the experimental setup is described. In Sec. II the experimental results are presented. In Sec. III we present the results of the data analysis performed on the assumption that the effect observed is related to the decay of hypernuclei, and in Sec. IV the results obtained are discussed. fragments are recorded by the recoil-distance method. In the case of prompt fission which occurs inside the target, the fission fragments cannot hit that part of the detector which is shadowed by the target backing (the hatched part). The delayed fission occurs in vacuum, at a certain distance from the target plane. This distance is determined by the velocity and lifetime of the recoiling nucleus. In this case the fragments can hit the shadowed area of the detector. Thus, the signature of delayed fission would be that a fission fragment is recorded in this part of the detector.
In principle, the scheme shown in Fig. 1 (a) provides reliable suppression of the prompt-fission fragments at a level of at least 10 6. However, the situation turns out to be somewhat diferent when it is used in the study of hypernuclei. There, in addition to hypernuclei of heavy elements, there are also hypernuclei of fission fragments produced as the result of the prompt fission of excited hypernuclei.
Since the hypernuclei of fission fragments are emitted from the target, they cannot hit the shadowed area of the detector. However this is true only if we ignore the decay of the A hyperon in a moving fragment.
Because of the relatively high velocity of fission fragments (about 10io mm/sec) the mean distance the fragments travel before the A hyperon decays is about 2 Fig. 1(b) ].
To distinguish between the delayed fission of heavy hypernuclei and the decay of hypernuclei of fission fragments, we made use of the following fact: While the delayed fission of heavy hypernuclei occurs in vacuum, the hypernuclei of prompt-fission fragments are emitted from the target. In the latter case some tens of slow secondary electrons are emitted as a result of the interaction of the fragments with the surface layer of the target. A slow recoiling nucleus leaves the target with appreciably lower velocity than fission fragments and will thus produce fewer secondary electrons. Therefore, by measuring the number of low energy secondary electrons one can distinguish between these types of events. This was done using an electron detector placed in front of the target and operating in coincidence with the fission-fragment detectors. Those fragments which were recorded in the shadowed area of the detectors and accompanied by the emission of a large number of electrons were attributed to the hypernuclei of fission fragments, and the rest of the shadow events attributed to delayed fission. The threshold of the electron detector could be set to such a low level that practically all delayed fission events were accompanied by a small but measurable signal from the detector.
In Fig. 2 It should be noted that, compared to the previous measurements [1, 2] , there was an appreciable number (139) of double-hit events, with two fission fragments detected in the shadowed area. Only about 1% of the antiprotons are stopped in the target material. With the present geometry of the experiment (Fig. 2) , a significant fraction of the antiprotons are stopped in the MCP detector holder whose front end is viewed by the shadowed area of the PPAC's. The double-hit events may arise from antiproton induced prompt fission of impurities on this front end. This assumption agrees with the result of an additional experiment with a 2.5 mm wide scintillator without target material. Here, four double-hit events were registered with 2 x 10 incoming antiprotons.
A data-acquisition system based on CAMAC operating under a NORD computer control was used to record the data. A registered event consisted of the space-time coordinates of the incident hits in the PPAC's and KRT, the amplitude of the corresponding analogue pulses, as well as the amplitude and timing signals from the MCP detector. The MCP and PPAC's were calibrated with a Cf source in 47r geometry. (Fig. I) . This is the coordinate for which the dependence of the shadow effect upon the characteristics of the nonmesonic decay (lifetime and momentum transfer) is seen in the most transparent way. In fact, the coordinate distributions along the axis parallel to the target plane should depend only weakly on the lifetime of hypernuclei and the momentum transfer in the A decay.
In Fig. 6 we show the experimental X coordinate distributions of shadow events accompanied by a small or large number of secondary electrons. We attribute these two distributions to the delayed fission of heavy hypernuclei and to hypernuclei of fission fragments, respectively. it has been studied independently [7] showing a symmetric mass distribution of fission fragments which is centered at M = 106 u with a dispersion cr(M) = 22 u.
Only those characteristics which help to better describe the production of hypernuclei will be investigated here.
In the case of prompt fission both fragments hit the PPAC's in the nonshadowed zone. The X position distribution is in this case determined by the momentum distribution of excited nuclei produced in the annihilation, the geometry of the PPAC's, and the energy loss of the fragments in the target. In Fig. 7 shows the X-position distribution of the prompt-fission events measured in the experiment. The rather strong decrease in the distribution near the target plane reQects the absorption in the target and the PPAC windows. The slope of the distribution at large distances from the target plane is due to the decreasing contribution of high momentum recoils. These effects were taken into account by using a geometrical detection efBciency determined from the X distribution measured for single-fission fragments.
In the same phenomenological approach as used previously [1, 2] , the isotropic momentum distribution of fissioning nuclei was approximated by the functioñ (p) = P"exp(-p/po), where po and n are free parameters.
In fact, there is a third nonexplicit parameter involved, namely a cutoff, p a", for acceptable values of the momentum of the fissioning nucleus. The dashed line in Fig. 7 The correlation observed in Fig. 8(a) for the corrected histogram can be described by the relation AA(R) = 0.5+ 1.7(R -o.5) . A-hyperon sticking to fragments. The mass distribution of fission fragments quoted in the previous section was used. We neglect details of the interaction of the two nucleons produced in the nonmesonic decay, and assume that the distribution of the momentum transfer A: to the fragment is described by the function to the production and scattering of hypernuclei in the target. The Monte Carlo simulation of the delayed fission of heavy hypernuclei showed that in a broad range of lifetimes the X distribution in the shadow region remains steep at any distance from the target plane. The flat part of the experimental distribution in the shadowed area (see Fig. 6 ) may include the above-discussed background events due to the prompt fission of impurities on the MCP-detector holder (see Sec. II). This background could be excluded in the analysis on the basis of the arguments discussed in the following.
In the case of delayed fission of hypernuclei, coincidences of fragments are only recorded when the projection of the nuclear recoil on the X axis is positive, i.e. , the momentum is directed downstream of the target. On the other hand, fragments resulting from the prompt fission of impurities on the MCP are detected (in coincidence) only if the momentum transferred to the fissioning nucleus is directed upstream of the target. As a result the quantity (Ã,h + A",h) should be negative for the background while it is mainly positive for good events. It can be negative, sometimes, due to the kinematics of the A decay. However, the fraction of these events, as follows from a Monte Carlo simulation is small.
In Fig. 10(a) we show the measured X distribution of the shadow events with low-amplitude signals from the MCP detector (solid line) constructed with the condition (Xeh + X»h) )0 imposed. We can see that after imposing this cut the distribution becomes steeper than the initial one (Fig. 6) . In Fig. 10(b) we show the measured (X,t, + X", h) distribution.
In our Monte Carlo calculation we assumed that the momentum distribution of the recoils has the form given in Eq. (1) . The cutofF parameter, p ", was 1200 MeV/c. The analysis has shown that for lower values of this cutoff, we cannot satisfactorily describe the experimental position distribution.
The parameter values which correspond to the best description of the experimental X distribution are~= (1.25+0.15) x 10 0 sec and po = (350+50) MeV/c. This value of the lifetime (y2 = 15.7 for 13 degrees of freedom) was found to be very little dependent on the value of po.~= To check the result on the hypernucleus lifetime, another procedure of calculation was used. This procedure was applied both to the present data for uranium and to the previously registered data for bismuth [2] . The range of a heavy nucleus can be written as c:175 Table I the number of events measured. This confirms our interpretation of the observed effects.
D. Yields
In order to estimate the yield of the processes studied here, it is necessary to know the efficiencies of detection for each process, and the number of antiprotons stopped in the target. The latter can be deduced from the fraction of the beam impinging on the target and from the stopping power of the target material.
The [12] . Thus, the decay of a A particle in a nucleus is the only plausible explanation to the delayed fission observed. To these arguments in favor of the hypernuclear hypothesis, we can add the fact that we earlier observed delayed fission in the annihilation of antiprotons in Bi [2] ; no fission isomers exist in this region of nuclei.
While the events recorded by the PPAC's can be explained without any particular assumption on the A production mechanism from the p annihilation in uranium, the data obtained with the kaon detector should be analyzed only after assuming some specific mechanism for this production. Supposing that the hypernucleus is produced in the secondary interaction of kaons For example, in making this prediction, no angular correlations were assumed. The recoil-distance method is more efFicient for those nuclei with momenta directed perpendicular to the target plane. Therefore, we can expect from momentum conservation that kaons in coincidence with fission events are emitted preferentially in a direction perpendicular to the target plane. Since the KRT was located at 90' to the target plane, the expected number of kaon-delayed fission coincidences may be reduced by about a factor of 2. Zero events were observed.
As was indicated in the previous section, it is possible to obtain a good description of the experimental data on the delayed fission with a cutoff of the momentum transfer in the p annihilation at 1200 MeV/c. This value is in good agreement with the upper limit of the recoil momentum distribution calculated by Cugnon et aL [14] . Therefore, we assume that the observed heavy hypernuclei are predominantly hypernuclei of uranium isotopes with masses slightly below 238, as found in Ref. [14] . On the other hand, in the case of hypernuclei of fission fragments, the required minimum cutoff value for the recoil momentum is 2000 MeV/c (see Sec. IVB). This value is consistent with the fact that about 18 neutrons are emitted in the p-induced fission [7] . As a result the required cutoff for the momentum transfer in the case of heavy hypernuclei becomes higher.
From Table II we can see that the total hypernucleusformation probability per stopped antiproton is about 7.4 x 10 s. The yield of hypernuclei in the p annihilation in uranium was estimated in Ref. [14] to be 9.7 x 10 s, which is consistent with our present result. It can be compared with the measured Ao production rate in complex nuclei given in Ref. [15] to be (1.9 + 0.4)% per stopped antiproton. From this, one may deduce that in p annihilation on heavy nuclei (i) the Ao production rate accounting for hypernuclear formation is (2.6 + 0. 5)%, and
(ii) the probability of the A attachment to a heavy nucleus is about 25%. This is very close to the value found in reactions with stopped K ( 30%, Ref. [16] ).
VI. CONCLUSION
The main results of the present experiment are the following.
(i) The annihilation of antiprotons in 2ssU leads to the production of hypernuclei of fission fragments and of heavy hypernuclei in the region of uranium.
(ii) The lifetime of the heavy hypernuclei is found to be (1.25 6 0.15) x 10 o sec. (iii) When the fission of an excited hypernucleus occurs, the A hyperon predominantly sticks to the heavy fragment; this fact can be used in the analysis of the dynamics of fission [17] . (iv) The probability of A-hyperon attachment to a heavy nucleus, following p annihilation, is estimated to be about 25%. (v) We do not find with significant confidence that K+ are produced in coincidence with the hypernuclear events. However, this conclusion depends on complex and poorly known features of kaon production in heavy nuclei.
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This experiment has benefitted from the high quality technical support from CERN. We express our gratitude in particular to N. Mezin (Rl) where NHN is the production rate of hypernuclei; P~f is the probability that a hypernucleus undergoes prompt fission, the lambda remaining attached to one of the fragments; F(Ri) is the probability that the fragments of mass mi and m2 are produced [obviously F(Ri) = F(R2)]; AA(Ri) is the attachment probability of the lambda particle to fragment of mass m~, gMgp is the detection efficiency, very close to unity, of the secondary electron detector when two fission fragments emerge from the target; and e (Ri) is the probability that one of the fission fragments is detected, after defiection due to the where A,"Pt and~~, are the experimental and efficiency corrected ratios.
